A fully automated on-line solid-phase extraction-liquid chromatography-tandem 2 mass spectrometry (SPE-LC-MS/MS) method has been developed for the 3 determination of 13 cytostatics and 4 metabolites in aqueous matrices, including 4 groundwater, surface water, and raw and treated wastewater. On-line SPE is performed 5 by loading 5 mL of water sample at pH 2 through a PLRP-s cartridge. MS/MS is 6 performed with an electrospray (ESI) interface operating in the positive ion mode and 7 registering two selected reaction monitoring (SRMs) transitions per compound. 8
Introduction 24
Cytostatic drugs are used in the chemotherapy of oncological patients [1] . The use 25 of chemotherapy began in the 1940s with nitrogen mustards, which are extremely 26 powerful alkylating agents, and antimetabolites. Since the early success of these initial 27 treatments, a large number of additional anticancer drugs have been developed [2] . The 28
Anatomical Therapeutic Classification (ATC) classifies them into five classes: L01A 29 alkylating agents; L01B antimetabolites; L01C plant alkaloids and other natural 30 products; L01D cytotoxic antibiotics and related substances; and L01X other 31 antineoplastic agents [1, 3] . These substances act by either inhibiting cell growth or 32 directly killing cells but acting unselectively on both tumour and healthy cells [2, [4] [5] . 33
Therefore, many antineoplastic agents have cytotoxic, mutagenic, carcinogenic, 34 embryotoxic and/or teratogenic effects [5] [6] [7] . The alkylating agents chlorambucil, 35 cyclophosphamide, etoposide, tamoxifen and melphalan have already been classified by 36 the International Agency for Research on Cancer (IARC) as carcinogens in humans 37 (group 1), and carmustin and cisplatin as presumable carcinogens (group 2A) [8] . 38
Occupational exposure of health care workers to cytotoxic drugs has been studied 39 intensively and has resulted in guidelines for the safe handling of these substances in 40 many countries [9] . However, despite high safety standards traces of cytotoxic agents 41 have been found in urine and blood of healthcare professionals [10] [11] , and monitoring 42 studies in pharmacies and hospitals have revealed that contamination of the workplace 43 4 detected in hospital wastewaters and even influent wastewaters at concentration levels 48 varying from ng L -1 to µg L -1 [1, [3] [4] [14] [15] [16] [17] [18] [19] . 49
Consequently, the development of analytical methods for determination of 50 out within 24 hours of collection to keep microbial degradation to a minimum. When 138 this was not possible, samples were frozen at -20 °C until analysis. 139
On-Line Solid-Phase Extraction 140
Preconcentration of the samples and chromatographic separation was performed 141 using an automated on-line SPE-LC device Symbiosis TM Pico from Spark Holland 142 (Emmen, The Netherlands). The base of the Symbiosis TM Pico system is a high-end 143 HPLC system with a high performance injector that handles sample volumes from 10 144 µL up to 10 mL fully automated. This equipment also counts with the Alias In the optimized procedure, preconcentration of all samples, aqueous standard 160 solutions, and blanks is performed using PLRP-s cartridges previously conditioned with 161 1 mL of methanol and 1 mL of water (flow rate 5 mL min -1 ). Loading of the sample (5 162 mL) and subsequent washing of the cartridge with 0.5 mL of HPLC water is performed 163 at a flow rate of 1 mL min -1 . Upon completion of each SPE protocol, which takes place 164 in the left clamp of the Symbiosis Pico, the cartridge is moved to the right clamp where 165 the trapped analytes are eluted to the LC column with the chromatographic mobile 166 phase. Meanwhile, a new cartridge is placed in the left clamp where preconcentration of 167 the next sample in a sequence takes place. Therefore, SPE is carried out entirely in 168 parallel with the LC-MS/MS run. This kind of configuration allows shortening the cycle 169 time, which in our approach is 40 min/sample. 170
LC-MS/MS analysis conditions 171
LC-MS/MS analyses were carried out connecting in series the Symbiosis TM Pico 172 with a 4000QTRAP hybrid triple quadrupole-linear ion trap mass spectrometer 173 equipped with a Turbo Ion Spray source from Applied Biosystems-Sciex (Foster City, 174 California, USA). 4000QTrap is controlled by means of the Analyst 1.4.2 Software 175 from Applied Biosystems-Sciex (Foster City, California, USA) and a companion 176 software appendix for controlling the Symbiosis TM Pico from Spark Holland (Emmen, 177
The Netherlands). 178
Chromatographic separation of the cytostatic drugs was performed on a reversed-179 phase column Purospher STAR RP-18e (125 x 2 mm, 5 µm particle size) from Merck, 180 maintained at 25 ºC. Ultrapure water (A) and methanol (B), both containing 0.1% of 181 formic acid, were employed as mobile phase (flow-rate 0.2 mL min -1 
Preliminary experiments 195
In the initial steps of this study, extraction experiments were carried out in amber 196 vessels which contained 5 µg L -1 of spiked cytostatics and TPs (the percentage of 197 DMSO was lower than 0.5%) in HPLC water. The sample extraction volume was 5 mL 198 and after loading the sample, the cartridge was washed with 0.5 mL of HPLC water. The GP cartridge showed poor repeatability for some compounds, the HCX and 208 the C18 cartridges yielded poor recoveries also for some compounds, and Oasis HLB 209 and PLRP-s were the preferred ones for most analytes. 210
Multilevel optimization of SPE conditions 211
The efficiency of SPE methods is affected by a considerable number of factors, which 212 are sometimes correlated. A strategy based on the use of a multi-level experimental 213 design was used to assess the effects of cartridge, sample volume and pH on the 214 performance of the SPE process, and search for the optimal extraction conditions with a 215 minimum effort and cost. Low and high values for each of these parameters are given in 216 Table 2 . Previous assays showed better efficiencies using PLRP-s and Oasis HLB as 217 sorbents operating at room temperature; therefore, both cartridges were used in the 218 design. The spiked level was 5 µg L -1 . HCl and sodium hidroxide were used for pH 219
adjustment. 220
Peak areas obtained for each compound in the 18 extractions involved in the 221 above design were compared with those obtained from the injection of standards 222 mixtures, and they were used as variable responses. Standardized values for main 223 effects corresponding to each factor were calculated with the Statgraphics Centurion 224 XV software (Manugistics, Rockville, MD, USA). TAM, OH-D-TAM and OH-TAM) were not efficiently extracted at pH 6 (Fig. 4) , and 5 245 mL of sample extraction volume presented better recoveries than 10 mL (see Fig. 5 ). 246
The most polar compounds (GEM and TMZ) presented a very low response with both 5 247 and 10 mL. However, if the sample extraction volume is reduced, the extraction 248 efficiency of the rest of compounds becomes worse; therefore 5 mL adjusted at pH 2 249 and extracted with a PLRP-s cartridge were selected as optimal conditions for further 250
experiments. 251
The washing step was not optimized due to the high polarity of some of the target 252 compounds. Polar species can be easily eluted from the cartridge with water or if the 253 content of methanol is increased. So, 0.5 mL of water was considered to be the optimum 254 volume to wash the cartridge without losing the analytes and was therefore selected for 255 all experiments. 256
Method performance 257
The method performance was evaluated through estimation of the linearity, 258 repeatability, accuracy and sensitivity of the method. 259
Quantification, based on peak areas, was performed by the isotope dilution 260 method. For each target analyte, except for DOX and TAM, isotope-labelled analogues 261 were available and were thus used as IS (see section Standards and solvents). In the 262 absence of appropriate isotopically labelled IS for DOX and TAM their quantification 263 was performed with the closely eluting compounds erlotinib-d6 hydrochloride and 4-264 hydroxy-ethyl-tamoxifen-d5, respectively. 265
The linearity of the method was investigated with standards prepared in HPLC 266 water at eight different concentrations, from 1 ng L -1 (or the limit of quantification if 267 higher) to 5000 ng L -1 (1, 5, 10, 50, 100, 500, 1000 and 5000 ng L -1 ). The concentration 268 of the IS was in all cases 500 ng L -1 . Within the above range, both the SRM1 and the 269 SRM2 signals versus the concentration of each analyte fitted a linear model with R 2 270 values higher than 0.99 for all compounds (see Table 3 ). 271
The method limits of detection (LODs) and quantification (LOQs) were 272 experimentally estimated from the online analysis of spiked HPLC water (lowest levelincluded in the calibration curve) as the concentration of analyte giving a signal-to-noise 274 ratio (S/N) of 3 and 10, respectively. Table 3 The precision of the method was evaluated for n=5 extractions of HPLC water 286 fortified at three different concentrations: 20, 500 and 5000 ng L -1 . Relative standard 287 deviations (RSDs) were in all cases below 15%, with the single exception of the 20% 288 RSD obtained for IMA when fortified at 500 ng L -1 (see Table 3 ). This satisfactory 289 repeatability is possible with automated procedures such as that described here where 290 manipulation of the sample is reduced to its filtration, pH adjustment, and addition of 291
IS. 292
Absolute recoveries calculated by comparing with the standard injected in off-line 293 mode were above 70% for all compounds except GEM, TMZ, IMA and ETP (see Table  294 3). Relative recoveries calculated with respect to the IS were within the margin 100 ±The influence of matrix effects in quantitative LC-MS/MS analysis is a widely 297 observed and studied phenomenon. In order to evaluate the degree of ion suppression or 298 enhancement for each target compound, matrix effects in different water matrices 299 (groundwater (GW), surface water (SW), wastewater influent (WWI) and wastewater 300 effluent (WWE)) were evaluated by comparing the peak areas of the analytes in spiked 301 real samples (after subtracting the peak areas corresponding to the native analytes 302 present in the sample) with those obtained in spiked HPLC water. Fig. 6 shows the 303 results obtained for the samples spiked at 500 ng L -1 (n=5). In the case of GW, the 304 recoveries were between 86 and 119%; however, in the other, more complex matrices 305 (SW and WW) a reduced response was observed for some compounds. The reduction in 306 the efficiency of the ionization of the target species in the more complex matrix, WWI, 307 varied between 10% for MET and 73% for DOX, while GEM, OH-PAC and PAC 308 showed some signal enhancement. It is also interesting to note that the results in the SW 309 sample are fairly similar to those of the WW samples, which is due to the origin of the 310 SW sample: a highly polluted Mediterranean river localized in the NE of Spain 311 (Llobregat). On the other hand, for the purpose of evaluating the eventual correction 312 and/or minimization of matrix effects through sample dilution the aqueous matrices 313 were diluted 1:1 with HPLC water. For OH-MET, IMA, IRI and ETP, dilution of the 314 samples led to a reduction of the signal suppression by about 20%, but for most 315 compounds the problem was not solved. Therefore, the use of isotopically labelled 316 compounds for quantification is nearly indispensable in order to obtain accurate results 317 in complex matrices. 318 Table 4 shows the recoveries of the method for the four matrices at three 319 fortification levels, 20, 500 and 5000 ng L -1 (n=5), after correcting the responses of theanalytes with the corresponding IS. Corrected recoveries ranged from 72 ± 3% to 119 ± 321 5% for all compounds. 322
The repeatability of the method was also evaluated in the four aforementioned 323 matrices, and the results obtained showed good repeatability, with relative standard 324 deviations (RSDs) in most instances below 15%, even in the most complex matrix 325 (WWI) (see Table 4 ). 326
As regards the sensitivity, Table 5 The results obtained (see Table 6 d Calculated from the peak areas obtained in the on-line analysis of spiked (500 ng L -1 ) HPLC water as percentages of the peak areas obtained from direct chromatographic injection (10 µL) of equivalent amounts of the standards in HPLC water (mean of the average results obtained at each concentration).
e Relative to the associated IS. -not quantifiable Table 4 Relative 
